Hourly pedometer counts and irregularly measured concentration of the hormone progesterone were available for a large number of dairy cattle. A hidden semi-Markov was applied to this bivariate time-series data for the purposes of monitoring the reproductive status of cattle. In particular, the ability to identify oestrus is investigated as this is of great importance to farm management. Progesterone concentration is a more accurate but more expensive method than pedometer counts, and we evaluate the added benefits of a model that includes this variable. The resulting model is biologically sensible, but validation is difficult. We utilize some auxiliary data to demonstrate the model's performance.
INTRODUCTION
Accurate detection of reproductive status in cattle is critical for efficient farm management. A number of on-farm systems for this purpose are in existence. Some of these systems involve either the measuring "activity" (counts from a pedometer per hour) or the concentration of progesterone (measured at the time of milking). Both measures are proxies for the reproductive status of a cow, with progesterone being the more expensive but more accurate predictor. Little work has been done utilizing both measures simultaneously, that is, analyzing them as a multivariate time series. Combining the two measures is expected to lead to improved prediction of reproductive status in addition to furthering the understanding of the reproductive cycle in cattle. This paper extends some initial ideas by Friggens and Løvendahl (2008) . Automated oestrus detection using pedometers has been previously explored using a variety of methodologies, see Firk et al. (2002) for a review.
In this paper we investigate hidden semi-Markov models as a possible methodology for monitoring the reproductive status of cattle based on proxy measurements. Progesterone level is a reliable indicator of oestrus (Friggens et al. 2008) , however a financial cost is associated with each measurement taken. Activity measurements are essentially free after the initial set-up overhead, but the data is much noisier leading to missed oestruses and false positives. Univariate models for each measure and a bivariate model using both measures were estimated with the data to assess the utility of each variable and the improvements that can be gained by using both.
In Section 2, we give some biological background and describe the available data. In Section 3, we introduce hidden semi-Markov models and the methods of parameter estimation and prediction and show how they were applied to our data. Section 4 contains results and Section 5 summarizes our work and covers future areas of investigation.
BACKGROUND

THE OVARIAN CYCLE IN CATTLE
Cows are a polyoestrous animal, that is, once started, the oestrus cycle will continue until pregnancy or illness occurs (as opposed to the seasonal oestrus of some animals). The oestrus cycle takes approximately 21 days (but with a large variation) and can be divided into four stages, which can be further grouped into two longer stages (see Table 1 ). The use of days is an insufficiently granular timescale for the oestrus stage, as oestrus lasts between 6 and 30 hours (Ball and Peters 2004) . Ovulation occurs in the day following oestrus, so identifying oestrus allows a farm manager to know when to artificially inseminate a cow.
Following ovulation a structure called the corpus luteum forms in the ovary. The corpus luteum produces the hormone progesterone and remains in the ovary until a few days prior to the next ovulation (the luteal phase), at which time it degenerates rapidly. That is, progesterone is high during the luteal phase and low during the follicular phase. Progesterone directly reflects the biological processes occurring in the ovary and is a very useful indicator of reproductive status. Progesterone can be automatically measured from milk samples, with milking occurring every 6-20 hours (in robotic milking systems). A typical progesterone profile after calving can be viewed in Figure 1 (bottom). 
